The somatic angiotensin I-converting enzyme (sACE; peptidyl-dipeptidase A; EC 3.4.15.1) was isolated from pig lung and purified to homogeneity. The purified enzyme had a molecular mass of about 180 kDa. Upon proteolytic cleavage, two approximately 90 kDa fragments were obtained and identified by amino-terminal sequence analysis as the N-and C-domains of sACE . Both purified domains were shown to be catalytically active. A 2.3 nm low resolution model of sACE was obtained by three-dimensional electron microscopy reconstruction of negatively stained sACE particles, based on atomic X-ray data fitting. Our model shows for the first time the relative orientation of the sACE catalytically active domains and their spatial distance.
Introduction
Somatic angiotensin I-converting enzyme (sACE; EC 3.4.15.1) is a zinc metalloprotease that catalyzes the hydrolysis of carboxyl-terminal dipeptides from oligopeptide substrates, most notably the decapeptide angiotensin I and the nonapeptide bradykinin (Corvol et al., 1995) . sACE exists primarily as a cell-surface integral membrane glycoprotein with the bulk of its mass, including the catalytic sites, facing the extracellular milieu; therefore, it is an ectoenzyme (Coates, 2003) . ACE has been purified from most mammalian tissues and two distinct isozymes have been identified. The larger form, Mr 150-180 kDa, is present throughout the body, with the highest abundance in the lung and kidney. This form is generally referred to as endothelial (or somatic) ACE. A smaller ACE isozyme of Mr 90-100 kDa, is found exclusively in the testis and generally referred to as testicular (or germinal) ACE.
The first full-length cDNA clone for ACE was constructed from the transcripts of ACE gene of human kidney (Soubrier et al., 1988) . Human endothelial ACE consists of a single polypeptide chain composed of 1277 residues, of which 14 are cysteine residues. It contains 17 potential N-glycosylation sites but no Ser/Thr rich region for O-glycosylation.
Molecular cloning of the cDNA of the sACE also demonstrated that the enzyme is composed of two homologous domains, referred to here as the N-and C-domains, which are supposed to result from gene duplication (Hubert et al., 1991; Riordan, 2003) . The overall sequence similarity between the two domains is 60% in both nucleotide and amino acid sequences but increases to 89% in a sequence of 40 amino acids in each domain containing essential active site residues. Therefore, each domain of sACE contains a catalytic site (Soubrier et al., 1988; Wei et al., 1991) . There is no sequence similarity between the carboxyl-and amino-terminal extremities of the sACE molecule, and the central region which separates the two homologous domains, called the 'interdomain linker' ) is also unique.
Although the physiological importance of ACE has long been recognized, its structure and mechanism of action were not understood in detail. Recent advances in molecular biological techniques made it possible to grow crystals of the N-domain of sACE , tACE (Natesh et al., 2003) , and ACE2 (Towler et al., 2004) , a C-domain homologue. However, a three-dimensional crystal structure of full-length somatic ACE is still lacking. To investigate the structure-function relationship of sACE, we have purified full-length sACE from porcine lung, and its individual N-and C-domains by limited proteolysis. This enabled us to investigate the molecular and enzymatic properties of these proteins and to compare the properties of their native and individual domain forms. In addition, the electron microscopic reconstruction and structure fitting reveals for the first time the tertiary structure of intact sACE and the relative orientation of its N-and C-domains.
Experimental procedures

Materials
Fresh pig lungs were taken from the local slaughterhouse. PMSF (phenyl-methylsulfonyl fluoride), Triton X-100, Fractogel EMD DEAE-650(M), p-aminobenzoic acid and 6-aminocaproic acid were obtained from Merck. Epoxy-activated Sepharose 6B and Con ASepharose, PhastGel TM homogeneous 7.5, IEF 4-6.5 and IEF 3-9 were supplied by GE 2.2. Extraction of membrane-bound ACE and ammonium sulfate fractionation All procedures were carried out at 4 o C. Pig lung tissue (0.9 kg) was cut into small pieces and suspended in 2 volumes of 1 mM PMSF, 20 mM Tris-HCl buffer,pH 7.8(suspension buffer).
The tissue was homogenized in a Waring blender by six 30 Sec bursts at top-speed. Triton X-100 was added to the homogenate at a final concentration of 0.2 % (w/v). The suspension was stirred for 90 min, followed by centrifugation at 9000 x g for 30 min. The pellets were resuspended in 300 ml of suspension buffer and re-extracted with 0.2 % (w/v) Triton X-100.
The combined ACE-containing supernatant was kept on an ice-bath, and further purified by ammonium sulfate fractionation. Solid ammonium sulfate was added slowly to a final concentration of 30 % (w/v). After stirring for 1 hour, the mixture was centrifuged at 10,000 x g for 20 min and the supernatant was collected. Solid ammonium sulfate was added to the supernatant to a final concentration of 70 % (w/v), stirred for 1 hour and centrifuged as described above. The precipitates were collected and redissolved in 20 mM Tris-HCl buffer (pH7.8) and dialysed three-times against 24 volumes of the same Tris-HCl buffer for 24 hour at 4 o C.
DEAE-Fractogel chromatography
The enzyme was further purified by column chromatography on a Fractogel EMD DEAE-650(M) column (5.0cm x 20cm) equilibrated with 20 mM Tris-HCl buffer (pH7.8). The dialyzed solution was centrifuged at 14,000 rpm to remove the insoluble particles and then loaded onto the DEAE column at a flow rate of 3 ml/min. The column was washed with 6 column volumes (total 2400 ml) of 20 mM Tris-HCl, pH 7.8, and the enzyme was eluted over a 3000 ml 0-0.25 M NaCl linear gradient in 20 mM Tris-HCl, pH 7.8. Active fractions were pooled.
Con A-Sepharose chromatography
The pooled ACE fractions from the DEAE column were applied to a 2.6 cm x 15 cm Con ASepharose column. The flow rate was 1 ml/min. The column was washed with 5 column volumes (400ml) of buffer A (20 mM Tris-HCl, 0.2M NaCl, pH7.4), and the enzyme was eluted with 10 column volume (800 ml) of buffer B (20 mM Tris-HCl, 100 mM methyl-α-Dmannopyranoside, pH7.4) in 20 ml fractions. Active fractions were collected and pooled for further purification.
Preparation of Sepharose-lisinopril affinity resin
Preparation of lisinopril-coupled Sepharose was modified from Hooper and Turner (1987) .
384 mg of p-aminobenzoic acid (2.8 mmol) were dissolved in 12 ml of DMF and 0.5 ml of DIEA, and mixed with 4 g of epoxy-activated Sepharose 6B suspended in water. The coupling reaction was performed in a glass reactor by gently shaking for 15 hours at room temperature. After filtering and washing the matrix with DMF and H2O, residual epoxy groups were blocked with 20 ml of 1M ethanolamine for at least 1 h. Following this, the matrix was washed with H2O and finally with DMF extensively.
Next, the modified Sepharose was activated for 2.5 hours with 1.1 g of HBTU (2.8 mmol) and 378 mg of HOBt (2.8 mmol) which were dissolved in 12 ml of DMF and 0.2 ml of DIEA, respectively. The solution was filtered, and the second coupling reaction was performed by adding 551 mg of 6-aminocaproic acid (4.2 mmol) to 12 ml of 0.1 M Na2CO3 (pH 11.8) solution for 24 hours at room temperature. After the coupling was completed, the gel was filtered and washed again with H2O and finally DMF.
The filtered and extensively washed matrix was activated with HBTU/HOBt as described above. At last 486 mg of lisinopril (1.2 mmol) was coupled to the extended matrix arm in 12 ml of 0.1 M K2CO3 (pH 11.8) for 24 hours at room temperature. Unreacted groups were blocked with 1M glycine (pH 10.0), and the resulting Sepharose-lisinopril gel was washed extensively with H2O, followed by 0.5 M NaCl, 0.1 M Tris-HCl buffer (pH 8.5), sodium acetate buffer (pH 4.5) containing 0.5 M NaCl, and finally equilibration buffer (20 mM Tris-HCl, pH 7.2, 0.3 M NaCl, 100 µM ZnCl2) prior to usage.
The coupling of p-aminobenzoic acid and 6-aminocaproic acid was monitored by UV254 nm absorption. When caproic acid is coupled to the epoxy-activated Sepharose an absorption peak is observed at approx. 292 nm. The coupling of lisinopril to the affinity resin can be reverse-phase HPLC. The concentration of covalently bound lisinopril in the affinity gel was 1-2 µmol/ml of gel as determined by reverse-phase HPLC analysis of the coupling solution.
2.6. sACE purification by Sepharose-lisinopril affinity chromatography
The Sepharose-lisinopril affinity gel preparation was packed into a column (6 cm x 1.6 cm) and equilibrated with 20 mM Tris-HCl (pH 7.2) buffer, containing 300 mM NaCl, and 100 µM ZnCl2. Pooled fractions from the Con A-Sepharose were loaded onto the column at a flow rate of 0.6 ml/min. sACE was eluted with 50 mM Na2B4O7 (pH 9.5) buffer and collected in 2 ml fractions. Each tube was prefilled with 0.2 ml of 1M Tris-HCl (pH 7.2) and 3 M NaCl buffer in order to balance the pH of eluents.
2.7 Enzyme assay sACE activity measurements were made using a spectrophotometer (Beckman Model DU640) by continuously monitoring the absorbance at 340 nm. The standard assay volume is 1ml and consists of 0.5 mM FA-Phe-Gly-Gly in 50 mM Hepes buffer (pH 7.5) and 0.3 M NaCl (Holmquist et al., 1979) . The reaction was performed at 37 ºC and the initial rate was determined by absorbance at 340 nm. The data of ΔA/min were converted into U/ml according to the following formula: U/ml = (ΔA/min) ÷ (Δε × 1cm) × (Vt / Vs), where Vt is the final volume of reaction mixture and Vs is the volume of enzyme sample used. Δε is the differential molar extinction coefficient which is 0.977 mM determined by using the Bio-Rad protein assay kit using bovine serum albumin as a standard.
Electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoreses (SDS-PAGE) were performed on Pharmacia PhastGel Homogeneous 7.5. Isoelectric focusing (IEF) was on Pharmacia PhastGel IEF 4-6.5. All electrophoresis were carried out on the separation and control unit and the protein bands were detected by sensitive silver staining on the development unit of 
Electron microscopy and 3D reconstruction
Purified sACE was diluted in 20 mM Tris-HCl buffer (pH 7.8) to a final protein concentration of 70 µg/ml. The sample was adsorbed onto a carbon-foil (Valentine et al., 1968 ) and examined by negative-staining electron microscopy as described in detail by Winkler et al. (1997) . The in focus, high contrast imaging was done with the 'in-column' energy-filtered transmission electron microscope (EF-TEM; Zeiss CEM 902, Oberkochen, Germany). Electron spectroscopic imaging (ESI) was done at UO4,5 -edge at 115 eV at medium dose exposures. For final sampling size at the probe level. A total of 3918 particles was sampled using the 'boxer' routine of EMAN (Ludtke et al., 1999 ) from 3x3 median-filtered images with a box size set to 72 pixels. 3D reconstruction was done using the EMAN software suite with a symmetrysetting of C1 after rough classification of the original data set (running the EMAN command line 'refine 2d.py start.hed' iteratively to get some unbiased 2D class views) and selecting 10 representative classes of typical particle projections. Finally, 12 'refinement' iterations were run to reach FSC convergence.
The 'lx_mapman' program (Kleywegt and Jones, 1996) was used to convert the EMAN voxel data into the CCP4-format for 3D-modeling using 'Chimera' (version 1, build 2470) (Pettersen et al., 2004) and manually fitting of atomic coordinates into the electron microscopic volume densities. Voxel-slice viewing was done with VMD (version 1.8.6.) program (Humphrey et al., 1996) . Atomic coordinates used for structure fitting of the C-(ACE2; PDB entry code 1R42; Towler et al., 2004) and N-domains (human sACE; PDB entry code 2C6F; Corradi et al., 2006) were obtained from the Protein Data Bank (Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ). CorelDRAW Graphics Suite 13 was used for general image processing and presentation.
3. Results 3.1. sACE preparation from porcine lung sACE was purified as in Materials and Methods described, the purified enzyme was concentrated to 14 mg/ml and stored at -20 o C. The purity of the enzyme preparation was determined by SDS-polyacrylamide gel electrophoresis (PAGE; 7,5 % gel concentration). On silver staining, only a single band of 170 kDa was observed. This indicates that the enzyme has been purified to homogeneity. A summary of the purification procedures and results are presented in Table 1 . The final yield was about 14 mg of homogeneous sACE from 0.9 kg of fresh pig lung tissue. The overall purification was 875 fold with a final 45% recovery of M of zinc, the activity versus pH profile showed that the pH optimum could be shifted from 7.5 to 6.5 ( fig.1 , solid line).
When the enzyme was incubated at 37 o C for 24 h up to several days in a mixed buffer (such as acetate, phosphate, Tris and borate) with pH values ranging from 4.0 to 11.0, it was found that the enzyme was relatively stable over a pH range from 7.0 to 8.0, and more than 90 % of activity could be retained after this treatment.
The Km and kcat values of the enzyme were obtained from Lineweaver-Burk plots, and were determined to be 7.8 x 10 Table 2 . This value is in good agreement with data obtained by Bünning et al. (1983) . Table 3 presents the Ki values for captopril and BPP9a, as determined by the graphical method of Dixon et al. (1979) . The molecular mass of the enzyme was determined to be 170 kDa by SDS-PAGE and 175 kDa by MALDI mass spectrometry, which is 
N-terminal sequencing of sACE
The N-terminal amino acid sequence analysis of the purified porcine lung sACE revealed the following sequence: Leu-Asp-Ser-Ala-Leu-Gln-Pro-Gly-Asp-Phe-Thr-Ala-Asp-Glu-Ala-GlyAla-Glu-Asp-Phe-Ala-Gln-Ser-Phe-Asp-Ser-Ser-X-Glu-Gln-Val-Leu-Phe-Gln. It is 76% identical to that of human sACE (Soubrier et al., 1988 ).
Purification of the N-and C-domains
The proteolytic products of sACE obtained from endoproteinase Asp-N digestion were separated and purified by Sepharose-lisinopril affinity chromatography. The affinity column was equilibrated with 20 mM Tris-HCl (pH7.2), 0.3 M NaCl, and 100 µM ZnCl2. After washing with the same buffer to remove unbound proteins, peak I was eluted with 20 mM Mes-NaOH (pH 6.0) containing 10 µM ZnCl2 (buffer B, fig. 2) . Peak II was then eluted with 20 mM HepesNaOH (pH 6.0) containing 10 µM ZnCl2 (buffer C, fig. 2 ). Both peak fractions were analysed by amino acid sequencing for protein identification (see below).
N-terminal sequence of the N-and C-domains
The intact sACE protein was subjected to limited proteolysis with endoproteinase Asp-N, leading to the presence of two major protein bands in the SDS-PAGE ( fig. 3, lane 3) . The molecular mass of these two protein fragments was estimated to be 90 kDa and 80 kDa. The bands were transferred to PVDF membranes and analyzed by N-terminal sequencing. The results are shown in Table 4 . The sequence data correspond to residues 1-24 and 616-640 of human sACE (Soubrier et al., 1988) and suggest that they were derived from the N-and Cdomains, respectively. Peak I ( fig. 2 ) which was eluted with 20mM Mes-NaOH (pH 6.0) and 10 µM ZnCl2 represents the 90 kDa N-domain ( fig.3; lane4) . Peak II ( fig. 2 ) which was eluted with 20mM Hepes-NaOH (pH 6.0) and 10 µM ZnCl2 corresponds to the 80 kDa C-domain ( fig.3; lane 5). (Table 5) indicated that the catalytic efficiency (Kcat/Km) of the isolated Cdomain is about two-fold higher than that of the native sACE. These results are compatible with the notion that the catalytic activity of the C-domain is negatively regulated by it's Ndomain counterpart in native sACE (Binevski et al., 2003; Woodman et al., 2005; Skirgello et al., 2005) . N-domains, which were isolated from lung sACE after mild proteolysis ( fig.5d) . Conversely, the compact orthogonal projection, representing a substructure of two parallel elongated centers of mass, was mainly observed for the isolated C-domain ( fig. 5e ). Obviously mild proteolysis and purification of these domains did not affect the overall tertiary structure. Thus the apparent different conformational states of the isolated N-and C-domains are similar to those in the native enzyme.
3D-image reconstruction of sACE.
Negatively stained sACE molecules, analysed by electron microscopy and reconstructed by single-particle analysis with EMAN from digitized negatives -free from drift and astigmatism -lead to a 3D model of the native molecule with 2.3 nm low resolution. A total of 3918 particle projections was boxed at a 72 x 72 pixel box size ( fig. 6a ) and was analyzed using C1 symmetry. Exposure of negatives at medium dose and focusing near Scherzer focus resulted in noisy micrographs which were 3x3 median-filtered prior to particle selection. Referencefree 2D refinement (EMAN subprogram 'refine 2d.py') was done to get characteristic means of fig. 5a and b ).
3D-model refinement was done using Chimera over a volume range from -4.28 to 9.04. The final level was set to 2.45 and a surface smoothing was applied with three iterations and 0.5 factor-setting, followed by Gaussian filter setting the width (2 sdev) to 5 at step 1. This led to the final 3D-model and supports the notion that sACE is an asymmetric molecule. Four main aspects can be discerned by rotation of the model around its z-axis, termed 'front view', 'left side view', 'backside view' and 'right side view' (fig. 7a ). Both N-and C-domains are linked by a single oligopeptide segment, distinctly visible as a filigree spacer that represents the 'interdomain-linker'. This spacer is made up from assumed 15 amino acids and is prone to proteolysis (Sturrock et al., 1997) . The linker keeps both domains at a distance of about 2.0-2.6 nm. Nevertheless, even at the given low resolution, both domains show individual dissimilarities, which can be recognized mainly as (1) fig. 7a by arrowheads. This difference in shape of the internal voids of both domains is further emphasized by their appearance as Z-slices ( fig. 7c ), which show central circular dark void areas in the N-domain's interior, which is distinctly different from the inner C-domain, characterized by dark elongated void contours, framed yellow and pile up for roughly 14 nm along the z-axis, and thus form a cleft-like interior space, distinctly larger than the N-domain's equivalent.
3.3.3. Molecular fitting of atomic models for the N-and C-domain into the 3D electron microscoic densities of porcine lung sACE.
Direct inspection of negatively stained sACE molecules and the corresponding 3D electron microscopic density, suggest that the enzyme's conformational state is stable and even withstands mild proteolysis followed by affinity-chromatographic purification. This led us to examine the density model more closely by fitting high resolution atomic coordinates of the N-domain of human sACE into the assumed N-domain moiety, and the atomic coordinates of ACE2 into the analogous C-domain part ( fig. 8 ). The fitting procedure was done semiautomatically using the Chimera 'Fit map into model' routine. Since the resolution of the model is 2.31 nm, only a few distinct markers could be used to align overall atomic model features. The C-domain as the basal part of the sACE-model ( fig. 8a and c) showed at least three characteristic aspects, which are consistent with those of the corresponding atomic model. These are first the central hole ( fig. 8a ; ch-C), which offers a deep view into the interior void of the C-domain, as is recognized from volume slice-views ( fig. 7b; #1, 2, 3) . Second, the 'cone-like protuberance' (Fig. 7a , and 8a, c; solid arrowheads), and third, the neck-like 'interdomain-linker'. The atomic model did fit and docked rather well to the first two features in such a way that (1) the 'substrate cleft' in its substrate-unbound state ( fig. 8b; sc (open)) aligned with the 'central hole' and (2) the SD I of the C-domain ( fig. 8b ) with the 'cone-like' protuberance. This 'two-point-alignment' is straight forward and leads to acceptable fitting of high and low resolution data. From this alignment it is obvious that the position of the 'interdomain-linker' of the atomic model ( fig. 8d; Conversely, fitting the N-domain atomic structure, here in its 'closed substrate-bound' state, into the corresponding EM density was not straightforward. The split 'interdomain-linker' end, i.e. the C-terminus of the N-domain ( Fig. 8b and d; Asp612) , was oriented relative to its corresponding counterpart ( Fig. 8b and d; Ser19) and the residual part of the atomic model was rotated and shifted to optimally fit with the rudimentary 'central hole' (Fig. 8a andc; ch-N) into the electron microscopic density model. The absence of a prominent cone-like protuberance ( fig. 8a and c; It has been reported that sACE from human kidney can be split into two active domains by limited proteolysis using endoproteinase Asp-N. Here, we have obtained similar results with purified sACE from porcine lung. Due to the similar physicochemical properties of the two sACE domains, it has proven very difficult to isolate the individual domains using standard chromatography techniques. Sturrock et al., (1997) therefore, generated an immunoaffinity column with monoclonal antibodies recognizing specific epitopes, which were used for separation of the N-domain of sACE.
Although the N-and C-domains of sACE appear to be very similar, subtle differences exist between them. For example, ileal ACE, the naturally occurring active N-domain, has been found to poorly bind to a Sepharose-lisinopril affinity column with eluting buffer containing only 0.3M NaCl; however, it bound well in the presence of a higher salt (Deddish et al., 1994) . Ileal ACE bound to a Sepharose-lisinopril column in 10 mM Hepes (pH 8.0) containing 0.8 M NaCl and 10 µM ZnSO4 and could be eluted with 10 mM Hepes (pH 6.0) containing 10 µM ZnSO4. In another work the importance of pH on the dissociation of lisinopril and sACE 16 5 10 15 20 was pointed out (Bull et al., 1985) . Here we used the Sepharose-lisinopril affinity column to separate the rather similar N-and C-domains of sACE taking advantage of the subtle difference that exists between the two domain forms. Native sACE as well as both N-and Cdomains can bind to Sepharose-lisinopril in buffer consisting of 20 mM Tris-HCl (pH 7.2), 0.3 M NaCl and 100 µM ZnCl2. Surprisingly, only the N-domain was eluted from column when washed with 20 mM Mes-NaOH (pH 6.0) containing 10 µM ZnCl2. The C-domain was eluted by changing the nature of the buffer to Hepes and could be eluted in 20 mM Hepes (pH 6.0) and 10 µM ZnCl2. Finally, the remaining bound protein could be eluted with 50 mM Na2B4O7 (pH 9.5) buffer, which was identified as native sACE. It is quite remarkable that the intact sACE, the N-and the C-domain molecules all can be separated by Sepharose-lisinopril affinity column chromatography simply by changing the buffer system. 4.2. Native structure of the sACE.
Though low in resolution, the presented TEM-structure of negatively stained sACE and that of its isolated N-and C-domains provide close-up views of the main conformational state of the native molecule. To our knowledge this is the first detailed molecular structure analysis of sACE from porcine lung and complements earlier dynamic light and neutron scattering data of Baudin et al. (1988) , which showed the porcine lung sACE to have a radius of gyration of 44.5 Å. The authors assumed the molecule to be rod-shaped, measuring 4-6 nm in diameter and 13.5 nm in length. These values are close to our data, i.e. 15.3 nm in length and 7.4 nm in width.
Based on our data it is possible to describe three distinct substructures of sACE, which correspond to (1) the 'hinge-region' or 'interdomain-linker', (2) the two-centered, orthogonally shaped moiety, and (3) the monocentered, triangular contoured moiety (see Fig.   5 ). Both N-and C-domains were isolated after mild proteolysis of the purified sACE, followed by affinity chromatography, and were confirmed by N-terminal sequencing. The different molecular shapes can be assigned to either different conformations or differences in shape of both domains. Remarkably, neither mild proteolysis nor affinity chromatography abolished enzymatic activity, indicating that the conformation of the individual domains represent 17 5 10 15 20 25 stable conformers, which is also true for intact sACE. This is consistent with a 'two-mass' conformation, with the orthogonal moiety representing the C-domain in its substrateunbound, 'open-cleft' state, while the triangular moiety representing the N-domain with the substrate-cleft 'closed' (see Fig. 5b-e) . From X-ray crystallographic studies of inhibitorbound and unbound ACE2, which is a homologue of the sACE's C-domain, both these distinct conformational states were confirmed. It was shown, that SD I in the 'open-cleft' state moves about 1.5 nm towards the SD II subdomain upon binding of one molecule of lisinopril, which fixes the ACE2 domain in the 'closed-cleft' state (Towler et al., 2004) . This relative movement of the SD I subdomain was verified and described in detail with glycosylation mutants of the germinal tACE as the ACE2-homologue (Watermeyer et al., 2006) . Naverova et al. (2008) were able to create monoclonal antibodies (mAbs) directed to conformational epitopes on the Cdomain surface of human ACE. Two of these showed some anticatalytic activities to the Cdomain, though significantly lower than mAbs directed to the N-domain (Danilov et al., 2007; Skirgello et al., 2006) . According to the resulting epitope binding maps Naperova et al. (2008) constructed a putative 3D-arrangement of N-and C-domains, based on corresponding X-ray data, and thus simulated a model of the somatic ACE molecule. This model, however, shows both domains in contact to each other and the interdomain-linker in the position of the central axis of the molecule, contradicting our data of clearly separated and distant domains and a lateral, off-axis position of the linker.
In the present 3D reconstruction of the electron microscopic densities a significant structural similarity to the 'open' conformational state could be established, referred to as the 'central hole' of the C-domain (Fig. 7A and 8a, c) , which represents the large void space of the Cdomain's interior (Fig. 7b and c) . The 'central hole', next to the origin of the neck-like 'interdomain-linker', forms the entrance to the interior void-pocket which represents the open substrate cleft. The 'open-state' of the C-domain's cleft is outlined by the intense binding and/or accumulation of the cationic uranyl stain molecules, since the inside of the cleft is aligned with acidic amino acids (Towler et al., 2004) . This is in congruence with the appearance and dimensions of the substrate-unbound 'open-cleft' conformation, which was found to be characteristic for the active form of human sACE and ACE2 in the presence of 18 5 10 15 20 chlorine (Ehlers and Kirsch, 1988) . Similarly prominent deep clefts have been observed from neurolysin (Brown et al., 2001 ) and a carboxypeptidase from the hyperthermophilic archaeon Pyrococcus furiosus (Arndt et al., 2002) . Both enzymes are functionally homologous to ACE and belong to the metalloprotease (zincin) superfamily (Sturrock et al., 2004) .
The reconstructed N-domain of the porcine sACE does not show this prominent central hole with a large interior void. Instead, only a small, pocket-like indention in register with the 'central hole' at the periphery could be observed. It is assumed that the N-domain has its cleft closed, thus reflecting the 'substrate/inhibitor-bound state' (Fig. 8a and c) . The indention is structurally similar to the interior void, which can be seen from volume-slices of the voxel cube ( fig. 7b,c) .
These voids thus reflect the domains' interior state at the tertiary structure level. The quality and potency of the preparation method to come down to this level of resolution was shown to outline features down to the secondary structure level by cryo-negative stain electron microscopy of chaperonins (De Carlo et al., 2008) and as is shown simple negative stain is potent to outline the 'interdomain-linker' as a single polypeptide chain. Our 3D-EM reconstruction of sACE reveals an asymmetric molecule (Fig. 7a) .
Some assumptions of the relative orientation of the substrate clefts of the sACE molecule and the corresponding orientation of the N-and C-domains relative to the neck-like 'interdomainlinker' can be made in relation to the long axis of the molecule. The plane of the C-domain's cleft appears inclined relative to the long axis by roughly 60º ( Fig. 8D; dashed line) . In contrast, the N-domain has its cleft oriented nearly normal to the molecule's long axis, and relative to the long axis both clefts -and thus both domains -are twisted about 90º to each other.
Based on our data three main points regarding the spatial arrangement of both sACE domains are noticeable. H27 (residues 568-588) and helix H19 (residues 417-432) . Additionally, based on the actual atomic fitting the 'flexible loop', comprising residues 128-136 of the human somatic N-domain, does not appear proximal or in even contact with the 'interdomain-linker', contradicting the model view of the human sACE .
Although human as well as bovine sACE display negative cooperativity between the N-and Cdomains' active sites upon binding of diverse peptides or inhibitors (Binevski et al., 2003; Woodman et al., 2005; Skirgello et al., 2005) , the enzymic activities are not linked to the glycosylation state. Deglycosylation of sACE from porcine lung did not markedly affect the biochemistry or structural properties of the enzyme (Baudin et al., 1997) . However, this has been disputed by Watermeyer et al. (2006) , who found that interactions of glycan chains at N72 and N109 in tACE stabilized the α1 and α2 helices of the lid.
Concerning the degree of spatial freedom both domains receive their flexibility by the 'interdomain-linker', whose N-terminal portion (residues 602-612) has been well defined . At full stretch it may span a length of 3.98 nm based on a peptide length of 0.362 nm (Corey, Pauling, 1953) . This length is long enough to bridge the interdomain distance of 2.0-2.5 nm observed in the electron microscopic density model. Table 4 ) the tripeptide Leu-Val-Thr (residues 613-615 of human sACE, Soubrier et al., 1988) has to be added to the 'interdomain-linker' of the intact molecule, thus giving it an overall length of 15 amino acids.
The data presented here provide new insight into the biochemical characteristics of the sACE .
Isolating the N-and C-domains combined with electron microscopy studies, provided for the first time detailed tertiary structure information for both domains. The 3D reconstruction of Here, we have presented for the first time the conformational state of isolated porcine lung sACE and addressed the spatial relationship of the N-and C-domain's active sites at the tertiary structure level. Future studies will focus on electron microscopy studies of substrateand inhibitor-bound complexes, which should provide key insight into how the conformational states will differ during catalysis. 
